Background: Exposure to carbon monoxide (CO), the odorless, colorless gas resulting from incomplete combustion of hydrocarbons, is preventable. Despite the significant risk of morbidity and mortality associated with CO poisoning, there currently exists no active national CO surveillance system in the United States (U.S.). Our study aims to use electronic health record data to describe the epidemiology of CO poisoning in the Veterans Health Administration healthcare population. Methods: We identified unique inpatient and outpatient encounters coded with International Classification of Diseases (ICD) codes for CO poisoning and analyzed relevant demographic, laboratory, treatment, and death data from January 2010 through December 2017 for Veterans across all 50 U.S. states and Puerto Rico. Statistical methods used were 95% CI calculations and the two-tailed z test for proportions.
Background
Exposure to carbon monoxide (CO), the odorless, colorless gas resulting from incomplete combustion of hydrocarbons, is avoidable. However, CO poisoning is one of the most common causes of unintentional poisoning deaths in the U.S. [1, 2] It is estimated that unintentional, non-fire related (UNFR) CO poisoning causes an average of 438 deaths annually. In 2007, confirmed CO poisoning cases resulted in 21,304 U.S. emergency department (ED) visits and 2302 hospitalizations (71 per million and 8 per million population, respectively) [3] . However, other analyses estimate that over 50,000 ED visits for CO poisoning occur annually, which may still be an underestimate because the condition is underdiagnosed [4] . Data reported to the National Poison Data System estimates that UNFR CO poisoning exposures occur at a rate of 23.2 per million population per year [1] . Despite the significant risk of morbidity and mortality associated with CO poisoning, there currently exists no active national CO surveillance system in the U.S. [5] Studies utilizing administrative data for case-finding generally do not include more current International Classification of Diseases, 10th revision, Clinical Modification (ICD-10-CM) coded data for comparison ICD-9-CM-based estimates [6, 7] .
Limited data exist on population risk factors that predispose to CO poisoning. Additionally, CO poisoning as a suicide method is not well studied. Few local/state-based CO poisoning surveillance systems include intentional CO poisonings [8] [9] [10] , and data examined are often limited to post-mortem datasets such as the National Death Index or state Medical Examiner records. Therefore, a complete understanding of CO poisoning-associated suicide attempts is lacking.
The Veterans Health Administration (VHA), within the Department of Veterans Affairs (VA) is the largest integrated health care system in the U.S., providing care to over 9 million enrolled Veterans at 172 hospitals and 1062 outpatient sites across all 50 states, District of Columbia, and U.S. territories [11] . Veterans are at risk for smoking and cardiovascular disease [12, 13] which could place them at higher risk for adverse outcomes from CO poisoning [14] . Veterans are also at increased risk for suicide [15, 16] , however, CO poisoning as a suicide method in this population has not been studied. Sharp decreases occurred among the general population in CO poisoning suicides associated with motor vehicle exhaust since the introduction of stricter automobile emissions [17, 18] . Given that CO poisoning causes serious morbidity and mortality, a better understanding of CO poisoning trends among Veterans is critical. The goal of this study is to describe the epidemiology of CO poisoning among Veterans cared for in VHA using national integrated electronic health record data.
Methods

Study population
We analyzed VA electronic medical record (EMR) data for inpatient discharges and outpatient encounters from January 2010 through December 2017 with ICD-9-CM or ICD-10-CM codes meeting the 2018 Council of State and Territorial Epidemiologists (CSTE) criteria for CO poisoning case ascertainment using administrative data [19] . Veterans receiving care at non-VA healthcare facilities during the study period and whose coded encounters met CSTE criteria for CO poisoning were included. Patients with multiple visits classified as CO poisoning during the study period were counted once, for their initial encounter. Demographic, laboratory, and treatment data, and date of death (where applicable) recorded in the EMR for each unique patient with CO poisoning for the study time-period was collected. CO poisoning surveillance was conducted as part of VHA public health operations. As such, the Veterans Health Administration Office of Research Oversight considers public health investigations as operational activities and not research in VHA [20] .
If patients had outpatient and inpatient codes for the same day, one unique encounter was counted, with highest level of care (i.e., inpatient) selected. To reduce inclusion of patients whose ICD-9-CM code was not indicative of initial exposure, we reviewed patient problem lists and removed 34 patients whose coded problem list indicated exposure to CO occurred prior to the study period. For patient encounters with ICD-10-CM codes, we reviewed the seventh character extension to determine if the encounter was deemed initial, subsequent, or related to CO poisoning sequela and a query was performed to determine if any of these patients had CO poisoning-coded visits prior to 2010. One patient with an ICD-10-CM sequela episode of care extension had an initial encounter in 2004 and was removed.
Based on 2018 CSTE criteria utilizing ICD-9-CM and ICD-10-CM codes, unique patients were classified by degree of certainty that poisoning was CO-related (confirmed, probable, suspected). A case was considered confirmed if the inpatient discharge or outpatient encounter was coded with ICD-9-CM code 986 or ICD-10-CM code T58 (toxic effect of carbon monoxide); or with an ICD-9-CM External Cause of Injury code (E-code) explicitly indicating CO exposure was present in the absence of code 986 (E868.3, E868.8, E868.9, E952.1, E982.1). Probable cases were defined as any encounter with ICD-9-CM E-code indicating motor vehicle exhaust exposure (E868.2, E952.0, E982.0). Cases were further categorized by intent as unintentional, assault, intentional self-harm, or undetermined based upon ICD-9-CM E-codes or specific ICD-10-CM codes pertaining to the nature of CO poisoning exposure. The full list of CSTE ICD-9-CM and ICD-10-CM codes and frequency of occurrence among cases are listed in Additional file 1; Table S1 .
We utilized Logical Observation Identifiers Names and Codes (LOINC) listed by the Public Health Information Network Vocabulary Access and Distribution System [21] as laboratory tests associated with CO poisoning (32160-4, 31157-1, 20563-3, 2030-5, 2031-3, 41648-7, 2032-1, and 2029-7) to determine whether carboxyhemoglobin (COHb) blood testing of patients coded for CO poisoning by ICD-9-CM or ICD-10-CM was performed. A COHb measurement was considered collected at time of encounter if the date of COHb sample collection was within 0-2 days before or after encounter date. 2018 CSTE laboratory criteria for confirmed/probable classification was based on COHb blood level > 9% for probable or > 12% for confirmed cases in settings where smoking history is unknown [19] . We analyzed procedure codes ICD-9-CM 93.95 and the ICD-10 Procedure Coding System codes 5A05121 and 5A05221 for hyperbaric oxygen (HBO 2 ) therapy and dates of death within intervals of 30 days or 1 year relative to CO poisoning encounter dates as outcome data for patients with confirmed, probable, and suspected CO poisoning.
Statistical analysis
We analyzed demographic variables and compared to unique users of VHA care during the 2010-2017 timeperiod, calculating 95% CIs. Seasonality trends for CO poisoning encounters were analyzed across the study period. Rates were calculated using total unique users of VHA care for matching time frame and VHA-defined demographic category as denominator. Rates of CO poisoning by U.S. Census region [22] were determined based on state location of the parent facility where the encounter occurred, using number of unique users of VHA care per state. Rates for confirmed/probable cases were compared to those of suspected cases across all variables looking for potential differences based on case categorization and testing for statistical significance using the two-tailed z test for proportions. Statistical analysis was performed using Python Statsmodels module, version 0.9.0 [23] .
We performed EMR review for 678 patients including a) all 595 confirmed/probable CO poisoning cases from 2010 to 2016 initially categorized with undetermined injury intent; b) a random sample of 20 patients out of 1847 (1%) with suspected CO poisoning coded with ICD-9-CM code E825.x for "Other motor vehicle non-traffic accident of other and unspecified nature"; c) a random sample of 20 confirmed/probable cases with source of CO poisoning "other or unspecified", d) all 26 patients with confirmed/probable CO poisoning who died within 30 days of CO poisoning encounter; and e) all 17 patients who received HBO 2 therapy.
Results
We identified 5491 unique patients with ICD-9-CM or ICD-10-CM encounter codes that met the 2018 CSTE criteria for confirmed, probable, or suspected CO poisoning. A total of 1755 (32%) were confirmed/probable cases, while 3736 (68%) were suspected. The average annual incidence rate for confirmed/probable CO poisoning was 3.6 per 100,000 unique users of VHA care (range: 3.0-4.2 per 100,000 unique users across all years, with highest at 2010 and lowest at 2017). Table 1 displays CO poisoning case characteristics, comparing confirmed/probable to suspected. Among the 1755 confirmed/probable cases, 746 (42.5%) had unintentional injury intent, 1274 (72.6%) were outpatient, 1556 (88.7%), were male, 883 (50.3%) were 45-64 years old, and 1286 (73.3%) were white. The source of CO poisoning was "other or unspecified" for 1289 (73.4%) of confirmed/ probable cases based on associated ICD-9-CM or ICD-10-CM codes (Additional file 1). Motor vehicle exhaust was the second most common source of confirmed/ probable cases, (261 cases; 14.9%). Less frequent sources among confirmed/probable cases were domestic fuel (101 cases; 5.8%), utility gas (69 cases; 3.9%), smoke/fumes from conflagration (7 cases; 0.4%), and liquefied petroleum gas (6 cases; 0.3%). Table 2 shows demographic characteristics of patients with confirmed/probable encounters compared to the overall population of unique VHA care users. Demographic factors with highest confirmed/probable CO poisoning rates were age groups < 44 (5.3 per 100,000; 95% CI = 4.8, 5.8) and 45-64 (5.4 per 100,000; 95% CI = 5.1, 5.8) and residence in the Midwest (5.3 per 100,000; 95% CI = 5.8, 5.8) compared to South or West (2.4 per 100,000; 95% CI = 2.2, 2.7 and 3.5 per 100,000; 95% CI = 3.1, 3.9, respectively). Figure 1 illustrates higher rates of confirmed/probable CO poisoning associated with self-harm in younger age groups compared to the oldest. Confirmed/probable cases did not differ from unique users of VHA care in gender or race/ethnicity.
Compared to suspected cases, confirmed/probable cases were more significantly associated with intentional self-harm and undetermined causes of injury, whereas suspected cases were more likely to be coded as unintentional (p < 0.001 for each injury category/case classification combination except assault) ( Table 1 ). Significant differences were also seen with race/ethnicity of confirmed/probable cases compared to suspected with more confirmed/ probable cases being white or multi-racial (p = 0.001 and 0.01, respectively). Confirmed/probable cases were significantly more likely to receive care in inpatient settings (26.1% confirmed/probable versus 7.4% for suspected cases; p < 0.001). Additionally, 614 of 1274 (48.2%) confirmed/ probable cases seen in the outpatient setting were ED or urgent care visits.
EMR review of 595 patients initially classified as confirmed/probable CO poisoning with undetermined injury intent revealed that 310 (52.1%) were unintentional CO poisoning. Intentional self-harm accounted for 27 (4.5%) while injury intent for CO poisoning for the remaining 258 (43.4%) could not be determined. An additional review of 20 randomly selected EMR of confirmed/probable cases with source of CO poisoning "other or unspecified" revealed that 5 (25%) in fact had a motor vehicle exhaust source. The largest percent (7 of 20 cases; 35%) remained with source other or unspecified. Other sources were 3 smoke/fumes (15%), 2 each utility gas and liquid propane (10% each), and 1 incomplete combustion of domestic fuel (5%).
Among suspected cases, ICD-9-CM code E825.x, "other motor vehicle non-traffic accident of other and unspecified nature, including accidental poisoning from carbon monoxide" was present most frequently (49.4%) followed by E869.9, "accidental poisoning by other gases or vapors, unspecified," (19.2%). Review of 20 randomly selected EMR of patients coded with E825.x revealed that all were involved in some type of fall from, or non-collision event involving a motor vehicle (most commonly, a motorcycle); none had evidence of CO poisoning.
CO poisoning encounters demonstrated a distinct seasonal pattern, with confirmed/probable cases peaking in winter months, and decreasing in summer (Fig. 2) . Two peaks, occurring in July 2010 and August 2017 vary from this pattern. However, confirmed/probable cases during these months occurred at multiple facilities across multiple states and could not be linked to specific natural disaster events. Similarly, we detected no geographic clustering of cases within seasonal peaks linked to specific events. Suspected CO poisoning encounters show a reverse seasonal pattern, with occurrence, particularly those with code E825.x, tending to peak in summer months and nadir in the winter. Since the change from ICD-9-CM to ICD-10-CM systems, overall numbers of coded cases of CO poisoning (primarily suspected cases) appear to have dropped, with categories shifting toward more unintentional and fewer intentional self-harm and undetermined cases.
Percent COHb blood level measurement was performed at the time of CO poisoning encounter in 850 out of 5491 cases (15.5%) ( Table 2) . COHb blood level measurement occurred more frequently among confirmed/probable cases (38%), than among suspected (4.9%) (p < 0.001). A COHb level > 9% was found in 30.8% of confirmed/probable cases, compared to 4.4% of patients with suspected CO poisoning (p < 0.001).
Seventeen (1%) patients with confirmed/probable CO poisoning had HBO 2 therapy based on procedure codes. No suspected CO poisoning cases had documented HBO 2 therapy. All HBO 2 treatments were performed at non-VA facilities, as VHA facilities don't provide HBO 2 treatment onsite. Percent COHb blood level for 15 of 17 patients at the time of CO exposure ranged between 16 and 50% (median 27.6%).
More patients with confirmed/probable compared to suspected CO poisoning died within 30 days and within 1 year after their encounter (1.5 and 5.1% at 30-day and 1-year intervals for confirmed/probable versus 0.1 and 0.3% for suspected at 30-day and 1-year intervals, Denominator data for race/ethnicity were available for 2013-2017 only, therefore rates are based on data for these years only c Denominator data for U.S. Census region were available for 2012-2017 only, therefore rates are based on data for these years only respectively; p < 0.001 in both cases). Table 3 lists all confirmed/probable cases who died within 30 days of initial CO poisoning encounter, and their cause of death. Of 26 (1.5%) confirmed/probable cases who died within 30-day time frame, ages ranged from 30 to 85 years (median 63). Causes of death were primarily cardiovascular (11 of 26 (42%) cases), including cardiac arrest and congestive heart failure in 3 cases each, ST-elevation myocardial infarction and inferior wall myocardial infarction in 2 cases each, and 1 stroke). Anoxic brain injury occurred in 4 of 26 (15%) cases, one of whom was unsuccessfully treated with HBO 2 after CO poisoning exposure during a house fire. Repeat successful suicide attempt by more lethal means (following original unsuccessful attempt using CO), lung disease, and cases whose EMR documentation was inadequate to allow determination of cause of death followed with 3 each (3 of 26 (12%) for each category). Acute kidney injury was least common with 2 of 26 (8%) cases.
Discussion
We determined that from 2010 through 2017, the average annual rate for CO poisoning among Veterans was 3.6 confirmed/probable cases per 100,000 unique users of VHA care. Our study focused on Veterans receiving care in VHA and does not exclude fire-related or intentional CO poisoning exposures, therefore the annual rate of confirmed/probable CO cases must be viewed in that context when compared to national UNFR rates based on U.S population estimates. Nevertheless, some useful comparisons can be made. We detected significant differences between confirmed/ probable and suspected CO poisoning cases, indicating that confirmed/probable are likely more severely affected (i.e. presence of COHb blood level > 9%, more frequent inpatient encounters, treatment with HBO 2 , increased frequency of death within 30 days or 1 year of initial encounter) than cases classified as suspected. We found that confirmed/probable cases were more likely to be associated with intentional self-harm and undetermined injury categories. However, in our review of a subset of 595 confirmed/probable cases with undetermined injury intent, 53% represented unintentional cases, so the unintentional category of injury may have been underrepresented among our confirmed/probable CO poisoning cases. Underreporting of CO poisoning source also occurred, however our review of 20 randomly selected EMR of confirmed/probable cases with source of CO poisoning "other or unspecified" revealed occurrence of sources comparable to those of the complete cohort.
Our demographic trends for confirmed/probable CO poisoning were consistent with some previous studies, with younger age groups being more affected [1, 24, 25] , and location in Midwest U.S. Census regions [1, 26, 27] . Although other studies reported higher rates among older age groups and females, we did not see this increase in our study. Our analysis showing association of confirmed/probable CO poisoning cases with self-harm, and the increased incidence of suicide among younger Veterans [15] may partially explain this finding. However, differing methodologies such as exclusion of intentional and non-fire-related injuries, and inclusion of mortality data may make comparisons with these studies problematic [26, 28] . Confirmed/probable cases followed the established cold weather seasonal trends commonly associated with CO Fig. 1 Confirmed/probable carbon monoxide poisoning rates with 95% CI by injury intent and age group, 2010 -2017. Note: Assault injury intent not included in calculations due to case numbers less than 10 per category poisoning [24, 29] , while suspected cases followed a distinctly opposite trend. The summer seasonal trend shown by the suspected CO poisoning cases may be explained by the relatively high frequency of the E825.x code, which our EMR review indicated may be more indicative of motorcycle and other motor vehicle type-associated non-collision events than CO poisoning. These events could be expected to peak during summer months [30] . If our EMR review of 20 encounters with an E825.x code was representative of all 1847 cases classified as such, then approximately half of the suspected cases in our cohort were likely not true cases. The transition in October 2015 from ICD-9-CM to ICD-10-CM effectively removed the suspected CO poisoning category from consideration going forward within VHA. Findings like these in which disease surveillance trends shift as a result of coding differences before and after the U.S. transition from ICD-9-CM to ICD-10-CM are not unusual, and can make year-to-year comparisons challenging [31] .
Studies showing elevated risk of short-term and long-term mortality after CO poisoning, especially with respect to adverse cardiovascular events, shared similarity with our results [14, [32] [33] [34] . One concerning finding of our study was that of 3 patients who attempted suicide Unknown using CO, they successfully repeated their attempt within 30 days, using more lethal means. Given the increased rates of suicide among Veterans, VHA has targeted for improvement specific methods to follow-up and prevent suicide in patients deemed high-risk [35] .
Limitations
Our study has several limitations. In limiting cases to those coded with ICD-9-CM or ICD-10-CM CO poisoning codes, we may have omitted those miscoded or not coded. In addition, clinicians may not have considered CO poisoning when patients presented to the ED. Previous studied have found that 3-5% of patients presenting with headache and dizziness had occult CO poisoning [36] , and therefore could have contributed to fewer cases found in our study. We did not include National Death Index data, so patients who died from their CO poisoning before receiving treatment at a VHA hospital are not included in our study. While we attempted to limit inclusion of miscoded cases caused by carry-over of historic exposure codes, we cannot be sure that all cases represented current diagnoses of CO poisoning. Conversely, our method of limiting cases to initial occurrence only may have eliminated cases that represented true second exposures, for example, repeat suicide attempts or unintentional exposures in homes where original source of CO has not been remediated. Our review of cases classified as "undetermined" indicates misuse of this category code may have led to underrepresentation of unintentional and intentional injury intent categories of CO poisoning in our study. Similarly, we found a high percentage of cases coded with an "other or unspecified" source of CO poisoning. Our evaluation of COHb blood values was likely limited by the fact that initial exposure to CO is often measured at the scene of CO exposure by first responders using pulse CO-oximetry. These values, and those of patients transferred to non-VA emergency care are scanned into the Veterans' EMR and thus not available as discrete, electronically queriable LOINC codes. Our review of the 17 cases treated with HBO 2 indicates that COHb levels at time of treatment and recorded within scanned documents were much higher than measurements available in the EMR for those patients. Capture of HBO 2 treatment may be similarly limited as it is routinely performed at non-VA sites.
Conclusions
CO poisoning is important for targeted public health surveillance in VHA. Despite the pitfalls of an administrative, ICD code-based surveillance system, its advantages are that it can be implemented nationally with relatively few resources, and that it provides useful, actionable information. Improvements are needed in ICD coding to reduce the percentage of cases coded with unknown injury intent and/or CO poisoning source. Opportunities exist to implement VHA-wide provider education to better recognize signs, symptoms, and exposure history for CO poisoning; and patient education programs addressing identified areas of high-risk for CO poisoning among Veterans, augmenting the VA Disaster Preparedness Manual, which contains useful information on preventing exposure to CO. [37] Examination of CO poisoning suicide attempts to prevent progression to more lethal means may be an area of further study.
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